We demonstrate a 0.95 GHz repetition rate fully stabilized Yb:fiber frequency comb without optical amplification. Benefitted from the high mode power and high coherence, this comb achieved 35 dB to 42 dB signal to noise ratio on the direct heterodyne beat signals with at least 6 continuous wave lasers (at 580nm, 679nm, 698nm, 707nm, 813nm and 922 nm) while keeping >40 dB carrier envelop frequency signal. It can be used for the direct measurement of optical frequencies in visible and nearinfrared wavelengths, and has a great potential on simultaneous comparison of multiple optical frequencies.
In the past decade, optical frequency combs (OFCs) have become a powerful tool bridging radio frequency (RF) and optical frequency. As the OFCs can tightly trace the atomic reference and provide abundant individual optical frequencies, they have been applied in various highprecision experiments including absolute optical frequency measurement [1] , absolute distance measurement [2] , time and frequency transfer [3] , ultra-low noise microwave generation [4] , calibration of astronomical spectrograph [5] , and comparison between optical clocks [6] .
With the development of optical clocks, a growing demand for OFCs is to simultaneously link more optical frequencies, especially those wavelengths in the visible and near infrared range, such as 578 nm (Yb optical lattice clock), 657 nm (Ca atomic clock), 698 nm (Sr optical lattice clock), 1070 nm/4 (Al + ion clock) and 1126 nm/4 (Hg + ion clock). A traditional choice for the optical frequency metrology is the Ti:sapphire lasers that feature the low intrinsic noise and broadband mode locking spectrum [1, 7] . However, it is difficult for Ti:sapphire laser based combs to achieve long-term operation while to maintain the signal to noise ratio (SNR) high in both carrier envelop offset frequency (fceo) and multiple heterodyne beat signals (fbeat) with different lasers.
Fiber laser based combs are becoming competitors to Ti:sapphire combs in their self-starting, long-term stable operation, low cost and small foot-print. Recently, singlebranch Er:fiber laser based OFCs have been proved a fractional frequency instability to 10 -18 at 1 s for comparison of optical atomic clocks, in addition to their robustness and easy operation [8, 9] . However, Er:fiber lasers deliver low average output power (<100 mW) and low pulse energy, so that extra optical amplification stages are required to achieve enough peak pulse power for octave-spanning spectrum generation and frequency conversion. The amplification process may deteriorate the coherence to some extent [10] . Another drawback of Er:fiber based OFCs is that their super-continuum (SC) spectrum (generally from 1μm to 2μm) does not directly cover the visible range, where exists many wavelengths of optical clock lasers. Although frequency doubling could help them to reach the visible range, the resulted SNR of beat signal will become distinctly lower [9] .
Previously we have developed a 1 GHz mode locked Yb:fiber laser [11] , in which the major part of the pulse energy was used to generate octave-spanning spectrum for obtaining the fceo. The rest of pulse energy was to go for amplification and applications.
In this paper, we propose to use the full output power of a GHz repetition rate Yb:fiber OFC for generating a more functional SC spectrum, which is used for both the high contrast self-referenced fceo signal and heterodyne beat signals with multiple wavelengths in a single port, without amplifiers. We demonstrate high SNR fbeat signals between the comb and 6 narrow linewidth continuous wave (CW) lasers, which are all essential wavelengths in optical clock systems.
The system setup is shown in Fig. 1(a) . The seed laser is the same as that in ref. [11] . It delivers a train of nearFourier-transform-limited pulses (~70 fs) with 600 mW average power at 954 MHz repetition rate. All of the output power is coupled into a piece of tapered photonic crystal fiber (PCF) with ~60% coupling efficiency to generate SC spectrum more than one octave. The SC spectrum will be used to simultaneously generate fceo and several fbeat signals.
To keep the high coherence over broad bandwidth, we chose a single mode PCF (SC-4.6-1000-46BB0, YOFC Co., Ltd.) with high nonlinearity and zero dispersion around the Yb:fiber laser output. Following the simulation in Ref. [12] , we choose to reduce the pitch of the PCF from 3.1 μm to 1.2 μm by tapering the diameter of middle part from 119 μm down to 46 μm, thus a broadband over one octave can be obtained. As the coherence may be deteriorated by unnecessary long nonlinear fiber, the length of the tapered waist was set to 5 cm, which is long enough for the SC generation without breaking the coherence at the spectrum edges. The near-Fourier-transform-limited 70 fs pulse from laser oscillator is also helpful to maintain the coherence during the SC generation process because of the short pulse duration and low amplified spontaneous emission (ASE) noise [13] . Counting the 2 × 4 cm long untapered parts and 2 × 3 cm long transition parts in, the total length of the PCF is 19 cm. The PCF was spliced to a commercial collimator with very short single mode fiber pigtail to guarantee high and stable coupling efficiency. The structure of this collimator-PCF is shown in Fig. 1(b) .
Figure 2(a) shows the spectra of the input pulse and the SC. A photograph of the grating dispersed laser beam is shown in Fig. 2(b) since the optical spectrum analyzer (YOKOGAWA-AQ6375) could not display the spectrum below 600 nm.
For fceo detection, the traditional f-2f self-referencing method was employed. The SC spectrum was separated into two arms, namely visible arm (<900 nm) and infrared arm (>900 nm), by a dichroic mirror (DM1). The infrared arm was built as a delay line to synchronize the recombined pulses from the two arms to improve the SNR of fceo. After the recombination of the two arms, the laser was sent into in a periodically poled lithium niobate (PPLN) crystal to generate the second harmonic of the 1220 nm wavelength part. The laser beam was then spatially dispersed by a blazed grating (1200 lines/mm). The 0 th order diffraction light was received by a photo detector (PD) as the frep signal, while the 1 st order diffraction light was launched into an avalanche photo detector (APD) to obtain fceo signal by beating the original and frequency doubled 610 nm components (see Fig. 3(c) ). Currently the fceo and frep are phase locked to RF standard with 10 -12 τ -1/2 frequency instability. In the visible arm, we inserted another dichroic mirror (DM2) to pick out the desired wavelength for heterodyne beat. By spatial combination and dispersion of this light together with a CW laser operating at corresponding wavelength, the fbeat signal was obtained simultaneously with the fceo. Six different CW lasers at 580 nm, 679 nm, 698 nm, 707 nm, 813 nm and 922 nm were respectively used to beat with the comb. Those lasers are all dependent on the availability of the laboratory.
The beat notes of the first five lasers were obtained together with the fceo signal, whereas the beat note of 922 nm has to block the fceo due to the lack of suitable DM to pick the wavelength during the experiment was conducted.
The RF spectra of the fbeat signals are plotted in Fig. 3(a) and 3(b). In particular, the beat with 922 nm CW laser is displayed separately in Fig. 3(b) because the laser had an ineradicable internal side-band modulation at 20 MHz. The linear density of the blazed grating for heterodyne beat was 2400 lines/mm for 580 nm to 707 nm lasers, but 1000 lines/mm for 813 nm and 922 nm lasers. A lens with 200 mm focal length was used to focus the diffracted light, and the optical power of these CW lasers in front of the APD were all around 100 μW. It is seen that the SNR of the beat notes varied from 35 dB to 42 dB for different wavelengths, meanwhile the SNR of fceo signal maintained >40 dB, for the resolution bandwidth (RBW) of 100 kHz. Such high contrast signals are favorable for the subsequent frequency counting or phase locking.
We monitored the SC spectrum over 3 hours and one day (the red and the blue curves respectively in Fig. 2(a) ), and observed almost no changes. A single beat signal with 580 nm laser was also monitored overnight, and no degradation on SNRs was recognized even after the system restarts without any re-alignment. Although we have only tried six different wavelengths, it is very likely that this comb could link all the wavelengths from 580 nm to 1300 nm with similar SNR. All those above involved wavelengths (including the 610 nm and 1220 nm for fceo detection) have spread over the SC spectrum, and those wavelengths located in the mode locking spectrum, such as 1064 nm, are surely in high SNR [14] . It is remarkable that the spectrum intensity at 922 nm is almost the weakest part within the SC below 1300 nm, whereas the SNR can still be as high as 35 dB. Longer wavelength range up to 1560 nm is also in the coverage of the SC spectrum, in spite of low intensity. Limited by the availability of the filters and the detectors, however, the beat with lasers in the range of 1300 nm to 1560 nm range was not successfully attempted. If several proper filters are used, more wavelengths can be simultaneously measured or locked to the comb.
The high SNR is partially due to the high comb teeth power and the maintaining of coherence, and the stable SC is owing to the collimator spliced to tapered PCF and the good self-starting of the laser. The single port configuration without amplification stages makes the comb inherently away from uncommon fiber path noise between the beat notes and the ASE noise brought by fiber amplifiers. If locked to an optical reference such as an optical clock laser, the comb could inherit the optical frequency stability and linewidth [6] , and is able to show 10 -18 /s fractional frequency instability and <0.5 rad residual phase error with enabling high speed servo control [14] .
In summary, we have demonstrated for the first time the high contrast beating signals with a GHz repetition rate Yb:fiber laser frequency comb. Benefitted from the high repetition rate, high output power of the laser, and the home-made tapered PCF, the comb exhibits the high teeth power and high coherence over an octave-spanning in single port, without the need of amplification. The SC spectrum of the comb was directly used to beat with 6 CW lasers at the wavelength of 580 nm, 679 nm, 698 nm, 707 nm, 813 nm, and 922 nm. More than 40 dB fceo signal and 35 dB ~ 42 dB beat notes at those wavelengths have been obtained, even at the spectral dip around 922 nm. Both the broadband SC and the SNR of the beating signals showed good long-term stability and reproducibility.
The full stabilization to RF or optical standards make the comb a very useful tool for simultaneous optical frequency measurement or stabilization of multiple CW lasers. This simple and compact comb will also find more advanced applications (like optical comparison) in the future.
